Expanded polyglutamine tracts cause huntingtin and other proteins to accumulate and aggregate in neuronal nuclei. Whether the intranuclear aggregation or localization of a polyglutamine protein initiates cellular pathology remains controversial. We established stably transfected pheochromocytoma PC12 cells that express the N-terminal fragment of huntingtin containing 20 (20Q) or 150 (150Q) glutamine residues. The 150Q protein is predominantly present in the nuclei, whereas the 20Q protein is distributed throughout the cytoplasm. Electron microscopic examination confirmed that most of the 150Q protein is diffuse in the nucleus with very few microscopic aggregates observed. Compared with parental PC12 cells and cells expressing 20Q, cells expressing 150Q display abnormal morphology, lack normal neurite development, die more rapidly, and are more susceptible to apoptotic stimulation. The extent of these cellular defects in 150Q cells is correlated with the expression level of the 150Q protein. Differential display PCR and expression studies show that cells expressing 150Q have altered expression of multiple genes, including those that are important for neurite outgrowth. Our study suggests that mutant huntingtin in the nucleus is able to induce multiple cellular defects by interfering with gene expression even in the absence of aggregation.
Expansion of a CAG or glutamine repeat is associated with Huntington's disease (H D) and seven other inherited neurological disorders (MacDonald and Gusella, 1996; Reddy and Housman, 1997; Ross, 1997) . Increasing evidence has shown that the expansion of the glutamine repeat causes small protein fragments to accumulate and aggregate in the nucleus of cells. For instance, transgenic mice (Bates mice) expressing exon-1 of the HD gene containing Ͼ115 CAGs have neuronal intranuclear inclusions even before they develop neurological disorders . Moreover, intranuclear aggregates containing N-terminal huntingtin fragments have been observed in the brains of HD patients Becher et al., 1998; Gutekunst et al., 1999) .
The association between H D and nuclear aggregates has led to the idea that such nuclear aggregates are toxic and play a causative role in the pathology of H D. In fact, several studies using cultured cells have showed that nuclear aggregates of polyglutamine proteins are associated with cell death (Cooper et al., 1998; Martindale et al., 1998; Hackam et al., 1999; Moulder et al., 1999) . However, other studies show that the nuclear localization of polyglutamine proteins, not the formation of aggregates, is critical for neuronal pathology in transgenic mice (K lement et al., 1998) and in cultured striatal neurons (Saudou et al., 1998) . In addition, the regional distribution of intranuclear aggregates in HD brains does not correspond to the neuropathology Becher et al., 1998; Gutekunst et al., 1999) .
Despite the controversial roles of huntingtin aggregates, it is clear that expanded polyglutamine causes huntingtin to accumulate in the nucleus. Because many transcription factors contain a glutamine-rich domain and the glutamine-rich domain can regulate their activity (Courey and Tjian, 1988; Courey et al., 1989; Gerber et al., 1994) , it is likely that expanded polyglutaminecontaining proteins interfere with gene transcription when they are located in the nucleus. This possibility also provides a common mechanism to explain the features that HD shares with other glutamine-repeat diseases.
The above hypothesis can be tested by an HD cell model. Most of the reported cell models have used transient transfection in which the expression levels of transfected protein vary greatly and influence aggregation of the transfected protein and cell viability. A stably transfected cell line that consistently expresses mutant huntingtin in the nucleus will provide a suitable approach to study whether intranuclear huntingtin affects cellular function at the transcriptional level. Examination of stably transfected cell lines by electron microscopy (EM) should also reveal whether intranuclear aggregation of huntingtin is required to induce cellular pathology.
We have established stably transfected rat pheochromocytoma PC12 cells that express the HD exon-1 protein with expanded polyglutamine (150Q). EM examination shows that the majority of transfected mutant huntingtin is diffuse in the nucleus. These cells have defective morphology and decreased viability. Compared with control PC12 cells, cells expressing 150Q have altered expression of multiple genes. Our study suggests that intranuclear huntingtin may alter the gene expression and induce various cellular defects.
MATERIALS AND METHODS

Antibodies and reagents.
A glutathione S-transferase (GST) f usion protein antibody, EM48, that is specific to the N-terminal region (amino acids 1-256) of human huntingtin was described in our previous studies Gutekunst et al., 1999) . Mouse monoclonal antibody to tubulin (E7) was purchased from the Developmental Studies Hybridoma Bank (Iowa C ity, IA). N TR (antibody 9992) was provided by Dr. Moses V. Chao (New York University Medical C enter). Anti-TrkA / nerve growth factor (/ NGF) was provided by Dr. L ouis Reichardt (University of C alifornia, San Francisco). Anti-huntingtin-associated protein (-HAP1) was made in our previous studies (Li et al., 1995) . NGF (2.5 S), epidermal growth factor (EGF), cell culture media, and newborn calf serum were obtained from Life Technologies (Gaithersburg, MD). Other reagents used in this study were staurosporine (Sigma, St. L ouis, MO), ciliary neurotrophic factor (C N TF; Promega, Madison, W I), horse serum (Hyclone, L ogan, UT), and Hoechst 33258 (Molecular Probes, Eugene, OR). G418 was obtained from Life Technologies.
Cell cultures. Dr. James J. Lah in the Department of Neurology at Emory University (Atlanta, GA) provided rat pheochromocytoma PC12 cells (Lah and Burry, 1993) . PC12 cells were grown in DM EM supplemented with 5% fetal bovine serum and 10% horse serum, containing 100 g /ml penicillin and 100 g /ml streptomycin, and were incubated at 37°C in a humidified 5% C O 2 atmosphere. C ells were grown in dishes or chamber slides (Nunc, Naperville, IL) at densities ranging from 2 to 4 ϫ 10 4 cells/cm 2 . The culture media were changed every 48 -72 hr. Huntingtin constructs, transfection, and selection of stabl y transfected cell lines. A partial huntingtin cDNA containing 20 (20Q) or 150 CAG repeats was isolated from a lambda phage DNA that contains exon-1 of the human H D gene [provided by Dr. Gillian Bates (Mangiarini et al., 1996) ]. The N-terminal huntingtin fragments encoded by these cDNAs were expressed using the pCIS expression vector that carries a cytomegalovirus promoter . The pCDNA3 vector, which carries the G418 resistance gene (Invitrogen, San Diego, CA), was cotransfected with the pCIS -huntingtin constructs. Subconfluent PC12 cells in 80 mm dishes were transfected with 7 g of plasmid DNA and 10 g /ml lipofectAMINE (Life Technologies) per dish. The transfected cells were then selected in the presence of 500 g /ml G418 in DM EM plus 5% fetal bovine serum and 10% horse serum. Selected G418-resistant cells were subcloned and maintained in the same conditioned medium until each cell line contained homogenous transfected cells. The expression of transfected huntingtin in PC12 cells was verified by immunofluorescent staining with EM48. After 3-4 months of selection and subcloning, we obtained three cell lines expressing 150Q and five cell lines expressing 20Q. To date, 150Q-9 and 20Q-1 cells have been passaged for Ͼ50 generations without apparent loss of phenotypes. Cultures were maintained at 37°C in a 5% C O 2 incubator, with the medium changed every 48 -72 hr. The experiments described here were performed with cloned cells of generation numbers 20 -50.
Western blot anal ysis. Cultured cells were collected and solubilized in SDS sample buffer. Protein samples were then resolved by 10 or 12% SDS-PAGE. Blots were incubated with EM48 (1:1000), and immunoreactive bands were visualized using a chemiluminescence kit (Amersham, Arlington Heights, IL). EM48 immunoreactivity could be eliminated by overnight preabsorption of the antibody with 20 g /ml GST-huntingtin but not GST alone. To assess the protein expression levels quantitatively, we quantified the intensities of the protein bands on the blots using a Personal Densitometer S1 (Molecular Dynamics, Sunny vale, CA).
Immunofluorescent labeling of cultured cells. Transfected cells grown in chamber slides were fixed in 4% paraformaldehyde in PBS for 15 min, permeabilized with 0.4% Triton X-100 in PBS for 30 min, blocked with 5% normal goat serum (NGS) in PBS for 1 hr, and incubated with primary antibodies in 2% NGS and PBS overnight at 4°C. After several washes, the cells were incubated with secondary antibodies conjugated with either FI TC or rhodamine (Jackson ImmunoResearch, West Grove, PA). Hoechst dye (1 g /ml) was used to label the nuclei. A Z eiss fluorescent microscope (Axioskop 2) and video system (Dage-MTI, Michigan C ity, I N) were used to capture images. The captured images were stored and processed using Adobe Photoshop software.
Electron microscopy. Electron microscopic immunocytochemistry was performed on transfected cells using methods described previously (Li et al., 1997) . Briefly, transfected cells were fixed in 4% (w/ v) paraformaldehyde and 0.2% glutaraldehyde in 0.1 M phosphate buffer (PB), pH 7.2, for 30 min, permeabilized in 0.05% Triton X-100 in PBS for 30 min, and preincubated with 5% NGS in PBS for 1 hr. For immunogold labeling, the cells were incubated with primary antibody EM48 (1:1000) and then treated with 1.4 nm gold-conjugated Fab fragments of goat anti-rabbit IgG (Nanoprobes, Stony Brook, N Y) at 1:50 in Tris-buffered saline (TBS), pH 7.2, containing 2% NGS, silver-enhanced using the IntenSEM kit (Amersham International, Buckinghamshire, England), osmicated (1% OsO 4 PB), dehydrated, and embedded in Eponate. Ultrathin sections (60 -70 nm) were cut using a Leica Ultracut S ultramicrotome (Nussloch, Germany). Thin sections were counterstained with 5% aqueous uranyl acetate for 5 min followed by Reynolds lead citrate for 5 min and were examined using a Hitachi H-7500 electron microscope.
For better preservation of the morphology of cells, we fixed some transfected cells with 3% glutaraldehyde in PB. Ultrathin sections (60 -70 nm) of these cells were used for electron microscopic examination without immunogold labeling.
Cell death rate and neurite outgrowth assays. C ells were plated at a standard density (4 ϫ 10 4 /cm 2 ) in six-well plates with DM EM supplemented with 5% FBS and 10% horse serum. Cultured cells were harvested, centrif uged at 1000 rpm for 5 min, and resuspended in PBS containing 0.4% trypan blue. The cells were incubated in the trypan blue solution for 10 min and transferred to a hemocytometer, and the number of viable (phase bright) and nonviable (blue) cells was recorded. For each sample, cell counts in four corner fields of the hemocytometer were averaged.
To evaluate neurite outgrowth, we plated the cells at low density (2 ϫ 10 4 cells/cm 2 ) onto six-well plates. C ell cultures were treated with NGF (100 ng /ml) for 48 hr or with staurosporine (50 -100 nM) and EGF (10 ng /ml) for 16 hr and were fixed with 4% paraformaldehyde in PBS for 15 min. After several washes with PBS, cells with neurites exceeding the cell diameter were counted using an inverted microscope (Olympus Optical CK2, Tokyo, Japan). At the same time, five to seven images (10ϫ) were captured by a Pixera camera, and the percentage of cells with neurites was confirmed by analyzing these images. On average, 500 -800 cells were counted for each group.
Cell viabilit y and apoptosis assays. C ell viability was determined by a modified 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTS) assay (C ell Titer 96; Promega), which is based on the conversion of tetrazolium salt 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl) 2-H-tetrazolium by mitochondrial dehydrogenase to a formazan product, as measured at an absorbance of 490 nm. PC12 cells were plated in 96-well plates at a density of 10,000 cells/ well and maintained 16 -24 hr in complete medium. C ells were then changed to medium containing 1% FBS in the absence or presence of staurosporine at different concentrations. Staurosporine was dissolved in 2 mM dimethylsulfoxide (DMSO) and diluted in the medium at various concentrations. Leptomycin B (L MB; 10 nM) [provided by Dr. Minoru Yoshida (Kudo et al., 1997) ] was added to the medium for 12-16 hr. After drug treatment, 20 l of MTS reagent (2.1 mg /ml) was added to each well. The cells were then incubated for 30 -45 min at 37°C in a 5% C O 2 incubator. The reaction was stopped by adding 25 l of 10% SDS. The plates were read with a microplate reader (SPEC TR Amax Plus; Molecular Devices, Palo Alto, CA) at 490 nm. Each data point was obtained using a triplet-well assay.
Apoptosis was measured using a terminal deoxynucleotidyl transferase -mediated biotin -dUTP nick end labeling (TUN EL) assay kit (Promega). Briefly, cells were grown in six-well plates (2 ϫ 10 5 cells/ well) in complete medium. After 48 hr of culture, cells were collected and centrif uged at 1000 ϫ g for 5 min. C ells were resuspended in PBS with 0.1% BSA at 1 ϫ 10 6 cells/ml. T wenty microliters of the cells mixed with 200 l of PBS and 0.1% BSA were spun onto a glass slide using a cytospincentrif uge (Shadon Lipshaw, Pittsburgh, PA). C ells were fixed with 4% paraformaldehyde in PBS for 15 min, permeabilized with 0.2% Triton X-100 in PBS for 15 min, and then incubated with fluorescentlabeled nucleotide in the presence of terminal deoxynucleotidyl transferase. The cells were then examined using a Z eiss fluorescent microscope (Axioskop 2) and video system. The percentage of apoptotic cells was obtained by counting 600 -2000 cells for each group.
Gene e xpression studies. Wild-type PC12, 20Q-1, and 150Q-9 cells were used for examining their gene expression. Differential display PCR was performed using the GenHunt RNAimage kit (Nashville, TN) and following the manufacturer's instructions. Reverse transcription (RT)-PCR and Northern blot analysis were performed as described previously (S. H. Li et al., 1998b) . Primers for RT-PCR were acgaccccttcattgacctc (sense) and gggggctaagcagttggtgg (antisense) for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Tso et al., 1985) , tgtggaagtgggggatgacg (sense) and gcactcagcaagaaagacct (antisense) for TrkA / NGF (Meakin et al., 1992) , ccacattccgacgactgatg (sense) and ccaagaatgagcgcactaac (antisense) for another NGF receptor p75 N TR (Radeke et al., 1987) , ggagagcaggacggactttt (sense) and ccagaggggtcatcaatcca (antisense) for metallothionein-II (Andersen et al., 1986) , ggttttcattggagggttgc (sense) and ctgtctgccacgggtttctc (antisense) for the glutamate transporter GL AST (Tanaka, 1993) , and cagcgttgtacgtcttatggg (sense) and ggggattggtccaactgtgg (antisense) for HAP1 (Li et al., 1995) . First-strand cDNA was generated from RNA of cultured PC12 cells. PCR conditions were 95°C for 45 sec, 60°C for 1 min, and 72°C for 2 min with 35 cycles. PCR products were electrophoresed on a 1% agarose gel.
For Northern blotting, nitrocellulose membranes containing equal amounts of total RNAs from control PC12 cells and transfected PC12 cells were hybridized with [ 32 P]dC TP-labeled PCR products obtained with primers as described above. The blots were hybridized in 50% formamide and 5ϫ saline -sodium phosphate -EDTA hybridization buffer at 42°C and washed with 0.2ϫ SSC and 0.5% SDS at 55°C before exposure to x-ray films.
Statistical anal ysis. All values were expressed as mean Ϯ SD. Statistical significance was assessed by ANOVA followed by Scheffe's test; p Ͻ 0.05 was considered significant.
RESULTS
Establishment of stably transfected PC12 cells
An expanded polyglutamine (115-150 glutamines) has been shown to cause the H D exon-1 protein to form aggregates in the neuronal nucleus in Bates transgenic mice . A neuronal cell line that expresses the same transgene protein will be valuable to study the effect of mutant huntingtin on neuronal function. We chose to use rat PC12 cells for transfection because this cell line is of neuronal origin and can grow neurites (Greene and Tischler, 1976) . We transfected the cDNA of H D exon-1 with 150 CAG repeats into PC12 cells (Fig. 1 A) . The same DNA fragment with a normal CAG repeat (20Q) was also expressed in PC12 cells and served as a control. Using G418 (500 g/ml) to select stably transfected PC12 cells, we obtained three independent clones (150Q-1, -5, and -9) that expressed the 150Q mutant HD exon-1 protein and five independent clones (20Q-1, -3, -4, -5, and -8) that expressed the 20Q H D exon-1 protein. The expression of transfected huntingtin in these cell lines was confirmed by Western blots (Fig. 1 B) using EM48, which recognizes the N-terminal region of huntingtin . 150Q migrated much slower than 20Q in the SDS gel because it contains an expanded polyglutamine that hinders protein migration (Aronin et al., 1995) . Expression levels of 150Q in the three 150Q cell lines appeared to be different, and there was also a slight difference in the migration of the transfected 150Qs in the gel (Fig.  1 B) . The difference in these bands may reflect a small variation in glutamine-repeat numbers, which could result from the instability of the very long CAG repeat in transfected cells.
To determine whether the transfected proteins were overexpressed in these cells, we examined nuclear and cytosolic fractions by Coomassie blue staining. Comparison of the protein profile of the extracts from stably transfected cells and parental PC12 cells did not reveal any additional bands at the same molecular weight as that of 20Q or 150Q (data not shown). Thus, it is unlikely that the transfected proteins were expressed at a very high level in stably transfected cells. Because both 20Q and 150Q were expressed at a similar level, these cells allowed us to examine cellular defects associated with polyglutamine expansion.
Abnormal morphology and intranuclear huntingtin localization
20Q-1 and 150Q-5 lines were chosen for extensive characterization of transfected huntingtin in PC12 cells because they have intermediate expression levels. We noticed that the morphology of 150Q cells was different from that of 20Q and control PC12 cells. First, 150Q cells were more likely to clump together, especially when they had been growing for Ͼ36 hr, suggesting an increase in cell-cell adhesion after prolonged culturing (Fig. 2 , top row). Second, the shapes of the 150Q cells were not uniform; some were round, but most appeared flattened or polygonal. Most round cells had a diameter of Ͻ15 m, which was similar to that of parental PC12 and 20Q cells. However, flattened cells were often 20 -30 m in diameter. The appearance of different shapes is unlikely to be attributable to the possibility that the original isolate was not truly clonal; even repeated recloning of the roundest cells still produced the same cell types (data not shown). Instead, characterization of other transfected cell lines has suggested that the cell growth stages and/or the expression of 150Q may contribute to these various sizes and shapes (see below). Third, most parental PC12 and 20Q cells were round cells with short processes, generally no more than the diameter of the cell body. However, fewer 150Q cells had processes, and their processes were much shorter (Fig. 2, top row) .
Because the expansion of polyglutamine causes huntingtin to localize in the nucleus and to form aggregates in transgenic mice Ordway et al., 1997) , we examined the subcellular localization of transfected proteins using EM48 immunofluorescence. We found that the majority of the expressed 150Q was in the nucleus of PC12 cells (Fig. 2) . Very intense immunolabeling was seen in the nucleus, and weak labeling was in the cytoplasm of 150Q cells. The nuclear labeling was further confirmed by staining cells with the nuclear DNA dye Hoechst (Fig. 2) . Parental PC12 cells had very weak immunolabeling. Furthermore, 20Q cells displayed intense labeling in the cytoplasm and weak labeling in their nuclei, a pattern that is in striking contrast to that for 150Q cells. The contrasting distribution of 20Q and 150Q clearly indicates that expanded polyglutamine causes huntingtin to accumulate in the nucleus. We also examined other cell lines and found that all the 20Q cell lines had intense cytoplasmic EM48 staining whereas all the 150Q cell lines displayed intense intranuclear EM48 staining (data not shown). This result confirms that 20Q and 150Q were distributed differently in all transfected PC12 cell lines.
It is notable that not all transfected cells had the same intensity of EM48 immunolabeling, perhaps because their stages in the cell cycle influenced the expression level of the transfected protein. A striking finding is that the majority of 150Q was uniformly diffuse in the nucleus and very few cells (Ͻ3%) had aggregates in their nuclei. It is very likely that the aggregation of huntingtin is time-dependent and that nuclear division during cell proliferation prevents the formation of aggregates.
Electron microscopic examination of 150Q cells
To confirm the nuclear localization of 150Q in PC12 cells, we performed electron microscopic examination of ultrathin sections using EM48 immunogold labeling. Most immunogold particles were evenly distributed in the nucleus in 150Q cells (Fig. 3A) . Almost no immunogold particles were found in the nucleus of control 20Q cells (Fig. 3B ). This result confirms that 150Q is indeed enriched in the nucleus and that expanded polyglutamine does cause huntingtin to remain in the nucleus.
We were unable to detect aggregates by immunogold labeling. Because the fixation for immunogold labeling might not preserve the ultrastructure of cultured cells, we performed straight EM examination, with a higher concentration (3%) of glutaraldehyde and no immunostaining, to identif y any aggregates. Using this method, we occasionally observed aggregate-like structures in the nucleus of some cells (Fig. 3C) . Less than 3% of the 150Q cells had these structures, suggesting that intranuclear aggregates, if any, are very uncommon in these cells. It has been reported that morphological changes within the nuclear membrane, such as indentation, follow the formation of nuclear aggregates in Bates transgenic mice . We examined 150Q cells that were not dividing and had a single, intact nucleus but saw no notable difference in the nuclear membrane structure of 150Q cells when compared with that of 20Q and parental PC12 cells (data not shown).
We also examined the ultrastructure of other intracellular structures such as mitochondria, smooth and rough endoplasm reticulum, the Golgi complex, and the plasma membrane. The ultrastructure of all organelles and membranes appeared the same as that in parental PC12 or 20Q cells.
150Q cells lack the neurite extension response to nerve growth factor
A distinct neuronal property of PC12 cells is that they can differentiate and grow neurites in response to neurotrophic factors. Interestingly, 150Q cells were unable to develop normal neurite outgrowth even after treatment with 100 ng/ml NGF for 3 d. In contrast, most (75-85%) 20Q cells, like parental PC12 cells, had long neurites after the same NGF treatment (Fig. 4) . The subcellular distribution of transfected proteins in NGFtreated cells was also examined using the EM48 immunofluorescent-staining assay. The result showed that 20Q was expressed in the neuronal processes in differentiated cells, whereas 150Q was still concentrated in the nucleus. The lack of neurites on 150Q cells was unlikely to be attributable to G418 selection or heterogeneity of parental PC12 cells because all three independent cell lines of 150Q had the same defect in neurite outgrowth, whereas all five 20Q cell lines grew neurite as well as the controls (data not shown). It was also unlikely that these 150Q cells had lost their neuronal properties because staurosporine, a drug that acts directly on intracellular signaling pathways, could still stimulate neurite extension of 150Q cells (see below).
We also examined the trophic effects of other growth factors, including interleukin-6 (IL -6; 20 ng /ml), C N TF (20 ng /ml), EGF (10 ng /ml), and basic fibroblast growth factor (bFGF; 20 ng/ml). All of these factors act on plasma membrane receptors. CNTF did not promote neurite outgrowth in control PC12 cells. EGF had a very weak effect on neurite extension. IL -6 promoted neurite outgrowth of parental PC12 and 20Q cells, but it had a weaker effect than that of NGF and bFGF. However, all of these trophic factors failed to promote neurite outgrowth in 150Q cells (data not shown). Thus, in 150Q cells, there might be an impairment of a number of membrane receptors or of intracellular signaling pathways.
Staurosporine induces neurite outgrowth of 150Q cells
Despite their lack of neurite response to NGF, 150Q cells were able to develop neurites in the presence of staurosporine (Fig. 5) . Staurosporine has been shown to induce neurite outgrowth by its regulation of gene expression (Tischler et al., 1990 (Tischler et al., , 1991 Gollapudi and Neet, 1997; Yao et al., 1997) . It also induces apoptosis of cultured cells by inhibiting protein kinases (Koh et al., 1995; Boix et al., 1997) . To evaluate both neurite extension and cell death, we treated cells with staurosporine and used a trypan blue exclusion assay. Parental PC12 cells that had been treated with 100 nM staurosporine grew neurites without displaying significant cell death (Fig. 5A) , an observation that is similar to that in a previous report (Yao et al., 1997) . However, this concentration of staurosporine killed a significant number of 150Q cells, although some of the living 150Q cells displayed neurite outgrowth (Fig.  5B) . Because the effect of staurosporine on neurite outgrowth could be greatly enhanced by EGF (Raffioni and Bradshaw, 1995) , we treated 150Q cells with EGF and staurosporine together. Interestingly, EGF significantly enhanced neurite outgrowth and reduced cell death (Fig. 5B) (also see below).
150Q cells are susceptible to apoptotic stimulation
Because EGF increases the proliferation rather than the differentiation of PC12 cells (Huff et al., 1981) , we reasoned that EGF might enhance staurosporine-induced neurite outgrowth by increasing cell viability. To confirm the susceptibility of 150Q cells to staurosporine, we used the tetrazolium dye (MTS) assay to measure cell viability quantitatively. The 150Q cells were more susceptible to 10 -125 nM staurosporine than were the 20Q or parental PC12 cells (Fig. 5C ). Hoechst dye staining of the nuclei clearly revealed DNA fragmentation in dead 150Q cells (data not shown). Higher doses (Ͼ250 nM) of staurosporine also killed more 20Q cells than parental PC12 cells, supporting the idea that normal N-terminal fragments of huntingtin could also be toxic if they are overexpressed . Treating 150Q cells with EGF (10 ng/ml) significantly increased cell viability in the presence of 10 -100 nM staurosporine (Fig. 5D) . Thus, EGF does have a protective effect on staurosporine-induced cell death.
The expression levels of 150Q and cell death rate
If 150Q is associated with the cellular defects we observed in the 150Q-5 line, the expression levels of 150Q should correlate with the extent of the cellular defects. The Western blot result (Fig.  1 B) suggested that the three 150Q cell lines express different levels of huntingtin. To confirm this, we compared the expression of 150Q with that of dynactin P150 Glued and native huntingtin using Western blotting and densitometry. The ratio of 150Q to dynactin P150
Glued was used to reflect the relative expression level of 150Q. The expression of 150Q was lowest in the 150Q-1 line, intermediate in the 150Q-5 line, and highest in the 150Q-9 line (Fig. 6) .
To examine whether 150Q can cause spontaneous cell death, we measured the viability of the three 150Q cell lines in the absence of any apoptotic stimulation. Parental PC12 and 20Q cells served as controls. All 150Q cells displayed abnormal morphology; the 150Q-1 line had more small round cells than did the other two lines. In contrast, 150Q-9 cells were generally larger than 150Q-1 and 150Q-5 cells and were more likely to clump together (Fig. 7A) . It is likely that varied expression levels of 150Q account for these differences. To assess the relationship between the expression of 150Q and cell death quantitatively, we plated the same number of cells and found that 150Q and control cell lines were growing at similar proliferation rates (data not shown). However, all 150Q cell lines had more dead cells than did control PC12 cells, and the numbers of dead cells were apparently different for the three 150Q cell lines at various times during culturing (Fig. 7B) . The 150Q-9 line had more dead cells than did the 150Q-5 line, which, in turn, had more than did the 150Q-1 line. Thus, the extent of cell death is correlated with the expression level of 150Q in transfected cells.
To confirm that spontaneous cell death is indeed mediated by an apoptotic mechanism, we used a TUN EL assay to examine apoptotic cells after 48 hr of culture. A significantly greater number of apoptotic cells was found in 150Q cells than in parental or 20Q cells (Fig. 7C) . Quantitative assessment showed that 1.1% of PC12, 0.9% of 20Q, 6.4% of 150Q-1, 9.1% of 150Q-5, and 25.5% of 150Q-9 cells underwent apoptosis (Fig. 7D) .
To confirm f urther that the cell viability is associated with the intranuclear level of 150Q, we treated 150Q cells with LMB, a drug that blocks nuclear export of RNA and a number of proteins by binding to the nuclear exporting protein CRM1 (Fornerod et al., 1997; Fukuda et al., 1997; Kudo et al., 1997; Ossareh-Nazari et al., 1997; Wolff et al., 1997) . After L MB treatment, more 150Q cells had intense intranuclear EM48 labeling than did those without L MB treatment. L MB also increased the nuclear labeling of some 20Q cells (Fig. 8) . The result suggests that the HD exon-1 protein may passively diff use into the nucleus and be exported by L MB-sensitive proteins. How the expanded polyglutamine protein accumulates in the nucleus is unclear. More importantly, more 150Q cells showed DNA fragmentation after treatment with L MB. In contrast, very few L MB-treated 20Q cells had DNA fragmentation. This observation was validated by quantitative measurement of cell viability; more 150Q cells than control cells were dying after exposure to LMB (Fig. 8 I) . The increases in both nuclear 150Q staining and cell death by LMB suggest that intranuclear huntingtin is associated with cell death.
Intranuclear localization of 150Q and neurite outgrowth
To assess the relationship between neurites and the expression levels of 150Q, we treated cells with 100 nM staurosporine; this concentration of staurosporine induces significant neurite formation in PC12 cells. To prevent cell death, EGF (10 ng/ml) was used in combination with staurosporine so neurites of 150Q cells could be maintained.
We evaluated neurite development by measuring the percentage of cells having one or more neurites that exceed one cell body diameter. After staurosporine and EGF treatment, most parental and 20Q cells had long neurites (3-4 cell body diameters). Some 150Q cells also displayed shorter neurite outgrowth (1-2 body diameters). However, the number of cells with neurites appeared to be different among the three 150Q cell lines. Quantitative analysis showed that 88.1% of parental PC12 cells and 92.2% of 20Q cells had neurites. In contrast, 31.2% of 150Q-1, 23.2% of 150Q-5, and 13.5% of 150Q-9 cells had neurites (Fig. 9A ). Thus, the expression level of 150Q in these cells was inversely correlated with the number of cells forming neurites.
Staurosporine initiates neurite outgrowth in PC12 cells within a fairly short period of time (4 -6 hr) by acting directly on intracellular signaling pathways (Yao et al., 1997) . If the initiation of neurite outgrowth by staurosporine is affected by the intranuclear huntingtin concentration, which varies among individual cells because of differences in the cell cycle, we might see that cells with neurites would have less 150Q in their nuclei than did cells without neurites. By performing EM48 immunofluorescent staining of 150Q cells treated with EGF and staurosporine, we observed that most of the cells with neurites displayed much less EM48 labeling in their nuclei than did undifferentiated cells (Fig.  9B) . Cells that clumped together and displayed larger body size often had intense intranuclear EM48 labeling. Approximately 87% of the cells with neurites displayed very weak EM48 staining within their nuclei, whereas only 31% of the cells without neurites had a similar weak immunolabeling. We also performed immunofluorescent double labeling with EM48 and an antibody to ␣-tubulin. Cells containing tubulin-immunoreactive neurites often displayed weak and diffuse EM48 labeling. Some cells had both intense cytoplasmic and nuclear staining for EM48 (Fig. 9C,  arrowhead) . However, in cells that did not have long neurites, EM48 immunolabeling was often intense in their nuclei (Fig. 9C) . This observation further supports the idea that the presence of 150Q in the nucleus is associated with the abnormal morphology and lack of neurite growth in PC12 cells.
Altered gene expression in 150Q cells
The intranuclear localization of 150Q prompted us to examine whether it affects gene expression. Its effect on any specific gene may be small, but the combined effects on a number of genes could result in cellular dysfunction. We chose 150Q-9 cells for the study because this cell line has the highest expression level of mutant huntingtin and thus would be most likely to reveal an alteration in the expression of a particular gene. The 20Q cells served as a control to verify that the altered gene expression is associated with the expanded polyglutamine. To compare the expression of a subset of the total genes expressed in 20Q and 150Q cells, we used differential display PCR with a set of primers that are reportedly able to screen one-fifth of a cell's total transcripts. We observed 35 PCR products that showed obvious differences in their intensities; some were more intense in the 20Q samples, whereas some were more intense in the 150Q samples (Fig. 10 A) . The altered expression levels of some PCR products in 150Q cells were confirmed using reverse Northern blotting as suggested by the manufacturer (data not shown). Thus, these PCR products might be derived from transcripts that have different levels in 20Q and 150Q cells.
The genes in 150Q cells that show different expression levels in the differential display PCR might not be readily identified by individual subcloning and sequencing. Because we have observed that 150Q cells had defective neurite outgrowth in response to NGF, we examined the expression of p75 N TR , a subunit of the NGF receptor, using RT-PCR with specific primers for p75 N TR . We also included primers for GAPDH in the same PCR reaction so we could determine whether p75 N TR expression is specifically altered in comparison with GAPDH. The result showed that less p75 N TR products were in 150Q cells than in 20Q cells (Fig. 10 B) . To validate this result, we also performed Northern blot analysis. The result showed that transcripts for p75 N TR were indeed reduced in 150Q cells compared with wild-type PC12 cells and 20Q cells (Fig. 10C) . To see whether our RT-PCR assay also detects altered expression of other genes, we examined the expression of HAP1, a neuronal huntingtin-associated protein that we identified previously and is thought to be involved in neuronal intra- cellular transport (Engelender et al., 1997; Gutekunst et al., 1998; S. H. Li et al., 1998a; Martin et al., 1999) . Both RT-PCR and Northern blot analysis consistently showed a decreased expression of HAP1 in 150Q cells (Fig. 10 D) .
Because the NGF receptor consists of two peptides, p75 N TR and TrkA/NGF (Chao, 1992; Carter and Lewin, 1997) , we also examined the expression of TrkA/NGF transcripts and found that TrkA/NGF expression was also downregulated in 150Q cells (Fig. 10 E) . Because differential display PCR also suggests that some genes are upregulated in 150Q cells, we used RT-PCR to examine the expression of two known genes. One is metallothionein-II (MII), a cysteine-rich, heavy metal-binding protein that protects cells from oxidative damage (Karin, 1985; Schwarz et al., 1995) . The other is the glutamate transporter (GLAST), a plasma membrane protein for glutamate uptake (Danbolt, 1994) . In agreement with their results in the differential display PCR, MII is decreased and GLAST is increased in 150Q cells when compared with the control cells.
It is important to confirm that the level of protein expression of the identified genes is also altered. With available antibodies, we performed Western blotting to examine the protein expression of TrkA/NGF, p75 , and HAP1 is decreased in 150Q cells in comparison with that in wild-type and 20Q control cells (Fig. 10 F) . It appears that HAP1's expression is mostly altered in 150Q cells. Western blot examination of two other 150Q cell lines, 150Q-1 and 150Q-5, also revealed that HAP1's expression was decreased in these cell lines, although the extent of their decreased expression appeared to be less than that for 150Q-9 cells (data not shown).
DISCUSSION
One of the goals of these studies was to develop a cell line that models the nuclear accumulation of the mutant huntingtin. This goal was achieved using PC12 cells transfected with the HD exon-1 protein with 150 glutamine repeats. An HD cellular model should have two features: (1) expanded polyglutamine causes huntingtin to accumulate in the nucleus, and (2) the expression of mutant huntingtin is associated with neuronal dysfunction. The cell model we established appears to have these features. First, polyglutamine expansion causes the HD exon-1 protein to accumulate uniformly in the nucleus of PC12 cells. Second, PC12 cells expressing expanded polyglutamine huntingtin display multiple cellular defects including abnormal morphology, high death rate, hypersensitivity to apoptotic stimulation, and defective neurite development. These defects appear to be correlated with the expression level of 150Q in different cell lines. Furthermore, this cell model also provides evidence of the idea that the intranuclear localization of huntingtin affects gene expression.
It is known that only N-terminal huntingtin fragments, which are generated by proteolytic cleavage of full-length huntingtin, are able to enter the nucleus and form aggregates Martindale et al., 1998) . Polyglutamine expansion also causes other disease proteins to enter the nucleus and form aggregates in dentatorubral and pallidoluysian atrophy (Becher et al., 1998; Igarashi et al., 1998) , spinal and bulbar muscular atrophy (M. Holmberg et al., 1998) . However, the mechanisms for the nuclear translocation and retention of huntingtin may differ from those for other polyglutamine proteins. For instance, the spinocerebellar ataxia-1 (SCA1) protein ataxin-1 carries a consensus nuclear localization signal (N L S), and deletion of the N L S prevents ataxin-1 from entering the nucleus (K lement et al., 1998) . Similarly, the SCA3 protein ataxin-3 also has an N L S, and its nuclear translocation does not require the presence of polyglutamine (Tait et al., 1998) . On the other hand, the H D exon-1 protein does not have an N L S; instead, the expansion of the glutamine repeat causes this protein to accumulate in the nucleus. Because fragments of N-terminal huntingtin enter the nucleus more easily, it has been proposed that intranuclear localization of mutant huntingtin may rely on passive diff usion . If so, the accumulation of huntingtin with expanded polyglutamine is likely caused by its increased association with nuclear molecules. This possibility is supported by the findings that polyglutamine expansion causes huntingtin to interact avidly with other specific proteins (Li et al., 1995; Trottier et al., 1995; Burke et al., 1996; Sittler et al., 1998) . One of these proteins is GAPDH, which is also found to bind to other polyglutamine proteins (Burke et al., 1996; Koshy et al., 1996) and to be translocated into the nucleus during apoptosis (Sawa et al., 1997; Ishitani et al., 1998; Saunders et al., 1999) . It will be interesting to study whether the interaction between GAPDH and 150Q is involved in the nuclear localization of 150Q. It is also equally possible that 150Q binds more weakly to nuclear exporting proteins than does 20Q. This possibility is supported by our finding that LMB increased intranuclear huntingtin staining.
Our EM study shows that most 150Q cells had a diffuse, nuclear distribution of huntingtin rather than the inclusions or aggregates that are seen in transgenic mice. A recent study showed that the peak appearance of intranuclear aggregates in cultured primary neurons occurs 6 d after huntingtin transfection (Saudou et al., 1998) . However, PC12 cells divide every 2-3 d, which may not be long enough for 150Q to form aggregates. The aggregation of huntingtin may also depend on protein concentration. This may explain why transient transfection of cultured cells, which often results in protein overexpression, can produce huntingtin aggregates even in dividing cells (Cooper et al., 1998; Martindale et al., 1998) . It is also possible that cells having huntingtin aggregates may not be able to survive during stable transfection. It has been reported that chaperone (Cummings et al., 1998) , proteasome (Chai et al., 1999) , and transglutaminase (Igarashi et al., 1998; Kahlem et al., 1998) regulate aggregation of polyglutamine proteins. If G418 selection alters the activity of these cellular factors, it could also influence the aggregation of 150Q in the stably transfected cells. Nevertheless, the association between cellular defects and the diffuse nuclear localization of 150Q favors the idea that the nuclear localization of polyglu- tamine proteins is sufficient to induce cellular toxicity (Klement et al., 1998; Saudou et al., 1998) .
Several cellular defects were observed in 150Q cells. These defects included increased cell death, susceptibility to the apoptotic agent staurosporine, abnormal morphology, and defective neurite development. C ell death could also be related to abnormal metabolism; this hypothesis is currently under investigation. The abnormal morphology and defective neurite development in 150Q cells are intriguing because the degeneration of neuronal processes also occurs in H D (Ferrante et al., 1985; Graveland et al., 1985; Sotrel et al., 1993) . In early H D brains, we and others observed that neuropil aggregates precede the formation of intranuclear aggregates Gutekunst et al., 1999) . The formation of neuropil aggregates in vivo could be associated with or accelerated by the degeneration of neuronal processes. The lack of normal neurite outgrowth in 150Q cells might reflect the dysf unction of molecules or proteins that are important for maintaining normal neuronal processes.
The most interesting finding is that the extent of cellular defects is correlated with the expression level of 150Q. First, the cell line that expresses the least 150Q has a lower death rate than do those expressing more 150Q. Second, the extent of neurite outgrowth induced by staurosporine is also inversely correlated with the expression levels of 150Q. It is possible that the cell biology of each individual cell line may not be identical and could also contribute to the variation in cellular defects. Transfection of cells using inducible expression could more accurately control the expression of transfected huntingtin and thus reveal in great detail the relationship between cellular defects and 150Q expression. The striking observation in the present study, however, is that cells expressing 150Q often have an intranuclear accumulation of huntingtin and display abnormal morphology and defective neurite outgrowth. On the other hand, 20Q cells in which huntingtin is mainly distributed in the cytoplasm do not show such abnormalities. Furthermore, inhibiting nuclear transport can significantly increase 20Q and 150Q in the nucleus but causes more 150Q cells than 20Q cells to die. Our study strongly supports the idea that intranuclear mutant huntingtin plays a causative role in cellular defects.
Intranuclear mutant huntingtin may interfere with gene expression in PC12 cells by its abnormal interactions with other nuclear molecules, thus leading to multiple cellular defects. Because glutamine carries polar side chains, it has been proposed that the polyglutamine domain forms polar zippers (Perutz et al., 1994) . Many transcription factors contain a glutamine-rich domain, and the glutamine-rich domain of the transcription factor Sp1 can enhance its transcriptional activity (Courey and Tjian, 1988; Courey et al., 1989; Gerber et al., 1994 ). Thus it is also possible that the expanded polyglutamine in huntingtin affects gene transcription by competing with the glutamine-rich domains of other transcription factors for their regulation of transcriptional activities. Alternatively, expanded polyglutamine-containing huntingtin may abnormally interact with other nuclear proteins. This possibility has been suggested by the findings that SCA1 protein binds to a nuclear protein L AN P (Matilla et al., 1997; Skinner et al., 1997) .
Although how huntingtin acts in the nucleus remains to be investigated, our study shows that the expression of a number of transcripts is altered in 150Q cells. With RT-PCR, Northern blotting, and Western blotting, we have been able to confirm the altered expression of several known genes. The altered expression of these known genes is consistent with cellular defects of 150Q cells. For instance, the NGF receptor mediates neurotrophin-induced neurite outgrowth. The role of HAP1 is thought to be involved in intracellular organelle transport (Gutekunst et al., 1998; S. H. Li et al., 1998a; Martin et al., 1999) , which is also important for neurite development. Decreased expression in NGF receptors and HAP1 could contribute to defective neurite outgrowth. Staurosporine may partially alter or correct abnormal gene expression such that it induces neurite outgrowth of 150Q cells. Because metallothionein can protect cells from oxidative damage (Karin, 1985; Schwarz et al., 1995) and glutamate mediates excitotoxicity, the decreased expression of metallothionein and the increased expression of the glutamate transporter may also be associated with cell death in 150Q cells. The idea that intranuclear mutant huntingtin affects gene expression is also suggested by a recent study showing that HD transgenic mice have altered transcript expression of multiple neurotransmitter receptors (Cha et al., 1998) . Our study substantiates this idea and additionally suggests that intranuclear huntingtin can affect gene transcription and cellular defects in the absence of aggregates. Although PC12 cells are not native neurons and the altered expression of gene transcription in this cell model may not exactly reflect the effects of mutant huntingtin in vivo, this cell model should provide a suitable approach to study the mechanism by which intranuclear huntingtin alters gene expression and induces cellular dysfunction.
